A piecewise model to evaluate radeation damage on AlGaAs based solar cells has been developed, which gives complete elcctrLca1 parameters of the cells in the operating temperature range.
Introduction

Gallium
Arsenide solar cells are considered as especially suitable for space purposes because of their high efficiency and radiation resistance. The use of GaAs solar cells in space power systems scheduled for 7 years of operating lifetime 111 requires prediction capabilities of the expected solar cell degradation. This work must include both laboratory test measurements and simulation work for better understanding of the underlying phenomena as well as to develop tools to facilitate cell design.
The common method to predict solar cell degradation in space is to relate the damage produced by any kind of particles, to damage produced by particles of reference, usually 1 MeV electrons or 10 MeV protons, and to calculate the total equivalent fluence 121.
Although the equivalence damage method has been extensively used, cases of failure when GaAs solar cells are concerned have been detected, mainly due to the different degradation behaviour of these cells in comparison with Silicon cells, in particular if coirradiation with low and high energy protons is considered 111.
In the work reported here the focus is placed on the electrical behaviour of the solar cell in the presence of harmful radiation environment assumed to concentrate its effects in the minority carrier lifetime degradation.
It has been found that many of the experimental data of degradation of electrical characteristics may be explained by assuming a minority carrier lifetime deepness-dependent from the surface on which particles are impinging. These previous analytical models of GaAs cell degradation, either calculate the mean value of carrier lifetime in each region cell as a function of particle fluence and energy, or if they takes into account the non uniformity of the damage, they are only able to calculate the short circuit current reduction 1 3 1 .
Alternatively, cell degradation after ominidirectional radiation can be computed from the experimental degradation curve after normal radiation, by calculating the total damage in the cell 1 4 1 .
Again, the non uniformity of the damage is neglected.
The model here presented is basPO on a piecewise qpproach taht divides the cell structure in an adaptative number of slices, Inside a particular slice the semiconductor parameters are constant, consequently, it is easy to find an analytical solution of the semiconductor transport equations with suitable boundary conditions for the interfaces with the adjacent slices.
More specifically, the boundary conditions applied for current continuity are related to interface recombination velocities, S, and the boundary conditions applied to minority carrier concentration are € o r a P type region given by where n is the e L e c t r o n concentration in p-type slice and E, is the conduction band energy level, Nimp the dopant concentration and m* the electron effective mass.
The selected procedure to perform the As it will be shown later, the radiation is expected to create very sharp lifetime variations in the semiconductor bulk.
For this reason, a selection of the slices and spacial distribution must be performed in order to place a greater number of slices in the semiconductor region where sharper variations in the lifetime are present.
Finally, the computer program that has been developped calculates the total I(V) characteristics by adding the contributions of the emitter, base and space charge regions under AM0 illumination conditions. Spectral response is, of course, an output of the program. All the parameters of the model are analytically related to the temperature, composition of the semiconductor (Aluminium concentration) and dopant concentration (Nimp). Table I shows the definition of parameters and the dependeces considered in the model. Analytical expressions have been given elsewhere 15 I. is the minority carrier lifetime before irradiation (BOL) is the capture cross section of the i type center Ni is the desity of the i type center Vth is the thermal velocity For sake of simplicity we will take only one type of center, placed at the center of the gap, with the same capture cross section for both types of carriers.
Because the range of the 1 MeV electrons is much greater than the thickness of the GaAs cell, it is commonly assumed that the recombination center density is uniform through the cell structure. In that case the minority carrier lifetime f! after an electron fluence of @e 1 MeV e-/cm can be related to the Begining Of Life lifetime as follows
where Ke is the lifetime degradation constant, taking into account the capture cross section of the center and the proportionality between the defects and the density of recombination centers.
The irradiation with protons leads to a more complex situation, on the one hand because the range value is comparable to the cell depth and, on the other hand because of the nonuniform distribution of the defects along the range. More precisely, the number of primary collisions of a proton, with instantaneous energy E, is the reciprocal of the mean free path, 1(E), 161
where O(E) is the nuclear stopping cross section, and Nt is the atomic density. Each primary collision produces a certain number of atomic displacements, v(E), related to the instantaneous energy through the Kinchin and Pease theory. The total number of atomic displacements produced by the proton per unity path legth is To take into account the coverglass effects on the distribution function C(Eo,x) the coordinate origin is displaced to a deepness of xo from the surface. xo is calculated as the GaAs thickness needed in order to have the same stopping power as the coverglass.
Once the function T(To,x) has been calculated, a discretization procedure follows, concerning the whole cell structure. The discretization is automatically performed according to the value of the incident energy and the irradiation type. Figure 2 shows the results of such a discretisation for irradiations with a fluence of 10l1 cm-2 directional and isotropic, at two different energies.
As expected, the shape of the discretization is 
Results
The model has been used to simulate the electrical behaviour of an heteroface AlGaAs solar cell reported in the literature 1 1 1 , 1 8 1 , in order to check its capabilities. These cells have been qualified by the NASDA for space use, so its behaviour under irradiation are well known.
The main physical parameters and the electrical performance BOL at 2 8 O C are listed in Table 11 . Series and shunt resistences, and intrinsic carrier lifetime are chosen to match experimental results 181 at this temperature. Figure 3 shows the short circuit current, open circuit voltage, and maximum power plotted as a function of the temperature. Experimental points reported in reference 8 are also superposed.
To calculate the behaviour under irradiation we start setting the values of Ke and KP. This is done in order to fit the experimental results after normal irradiation by 1 MeV electrons and 10 MeV protons respectively. The former is shown in Figure 4 with experimental points taken from These previous adjustements allow us to calculate the degradation of the solar cell GaAs layer performances after proton irradiation of arbitrary energy and fluence, isotropic or directional. Figure 6 shows the efficiency degradation as a function of proton energy for several fluences. Two early conclusions can be given, first there is an energy that produces maximum degradation, around 2 0 0 keV, and second, for high energy protons isotropic irradiation produces worse damage. 
Damage coefficients
Damage coefficients are defined as the fluence of 10 MeV protons required to reduce one electrical cell parameter (usually Isc, Voc! or Pma,) at temperature T by r percent, divided by the fluence of protons of energy E required to have the same reduction in the chosen parameter, at the same temperature.
Proton damage ratios are defined in a similar way to the damage coefficients, but taking 1 MeV electrons a s reference particles. Both parameters are extensively used to predict the useful life of photovoltaic arrays in space for a given orbit, converting the total irradiation in an equivalent fluence of reference particles. However, this method has some drawbacks.
First, the damage coefficients are not uniquely defined for a given energy. They depend on the irradiation kind (normal or isotropic) and on percent degradation considered. So there are several value tables and their handling is difficult.
Second, damage coefficients depend strongly on the physical structure of the cell considered.
Extrapolation to another cell type, even similar, is not possible. For this reason they are not suitable for purposes of optimization structures.
Moreover the method applies
The method proposed in this work, based on the use of a powerful simulation model fitted both experimental results BOL, and after 1 MeV electron and 10 MeV proton irradiation, can overcome the above mentioned drawbacks.
As an example, degradation produced by combinated irradiation with several energy protons has been calculated.
Firstly the proton damage coefficients have been obtained from the curves of Figure 6 , for r = 20 % of Pmax, and they are shown in Figure 7 .
These results closely agree with those reported in
-
1 10
Proton energy (MeV) The difference between both methods is shown in Figure 8 . As we can see, these differences are more important for co-irradiation with low energy and high energy protons.
Conclusion
We have developed a mathematical model for GaAs solar cells. This model is able to predict electrical performance degradation after proton or electron irradiation of low and medium energies.
This 
